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Abstract
Purpose  The aim of this study was to assess the acute cardiorespiratory as well as muscle and cerebral tissue oxygenation 
responses to submaximal constant-load (CL) and high-intensity interval (HII) cycling exercise performed in normoxia and 
in hypoxia at similar intensity, reproducing whole-body endurance exercise training sessions as performed in sedentary and 
clinical populations.
Methods  Healthy subjects performed two CL (30 min, 75% of maximal heart rate, n = 12) and two HII (15 times 1-min 
high-intensity exercise—1-min passive recovery, n = 12) cycling exercise sessions in normoxia and in hypoxia [mean arterial 
oxygen saturation 76 ± 1% (clamped) during CL and 77 ± 5% (inspiratory oxygen fraction 0.135) during HII]. Cardiorespira-
tory and near-infrared spectroscopy parameters as well as the rate of perceived exertion were continuously recorded.
Results  Power output was 21 ± 11% and 15% (according to protocol design) lower in hypoxia compared to normoxia dur-
ing CL and HII exercise sessions, respectively. Heart rate did not differ between normoxic and hypoxic exercise sessions, 
while minute ventilation was higher in hypoxia during HII exercise only (+ 13 ± 29%, p < 0.05). Quadriceps tissue saturation 
index did not differ significantly between normoxia and hypoxia (CL 60 ± 8% versus 59 ± 5%; HII 59 ± 10% versus 56 ± 9%; 
p > 0.05), while prefrontal cortex deoxygenation was significantly greater in hypoxia during both CL (66 ± 4% versus 56 ± 6%) 
and HII (58 ± 5% versus 55 ± 5%; p < 0.05) sessions. The rate of perceived exertion did not differ between normoxic and 
hypoxic CL (2.4 ± 1.7 versus 2.9 ± 1.8) and HII (6.9 ± 1.4 versus 7.5 ± 0.8) sessions (p > 0.05).
Conclusion  This study indicates that at identical heart rate, reducing arterial oxygen saturation near 75% does not accentuate 
muscle deoxygenation during both CL and HII exercise sessions compared to normoxia. Hence, within these conditions, 
larger muscle hypoxic stress should not be expected.
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Abbreviations
ANOVA	� Analysis of variance
CL	� Constant-load exercise
FiO2	� Inspiratory oxygen fraction
HbO2	� Oxygenated hemoglobin
HbTot	� Total hemoglobin
HHb	� Deoxygenated hemoglobin
HII	� High-intensity interval exercise

NIRS	� Near-infrared spectroscopy
RPE	� Rate of perceived exertion
SpO2	� Arterial oxygen saturation
TSI	� Tissue oxygenation index

Introduction

Current physiological models suggest that muscle responses 
to acute and chronic endurance exercise are due to homeo-
static perturbations provoked by exercise which are inte-
grated into gene expression and protein synthesis (Fluck 
2006; Hawley et al. 2018). In this context, reduced oxygen 
tension within the exercising muscle (Richardson et al. 
1995) is recognised as an important stimulus related to 
exercise response triggering the hypoxia-inducible factor 1 
alpha (HIF-1α) pathway (Ameln et al. 2005; Lundby and 
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Steensberg 2004). This pathway leads to the expression of 
many genes involved in a wide range of adaptations associ-
ated with exercise training such as enhanced tissue perfu-
sion linked to angiogenesis (Brocherie et al. 2018; Toffoli 
et al. 2009), improved mitochondrial efficiency and control 
of mitochondrial respiration (Brocherie et al. 2018; Ponsot 
et al. 2006; Roels et al. 2007) and enhanced hydrogen ion 
buffering capacity (Gore et al. 2001).

Because of the important role of hypoxia regarding 
the muscle responses to exercise, it has been proposed to 
amplify the exercise-induced reduction in muscle oxygen 
tension by reducing the inspiratory oxygen pressure, i.e., by 
performing exercise in hypobaric (e.g., altitude) or normo-
baric (reduced inspiratory oxygen fraction, FiO2) hypoxic 
conditions (Hoppeler et al. 2008; Millet et al. 2010; Vogt 
and Hoppeler 2010). The main rationale for using hypoxic 
conditions during exercise sessions is to increase the homeo-
static stress on skeletal muscle tissue (Hoppeler et al. 2008; 
Millet et al. 2010). Hence, these kinds of hypoxic training 
protocols are expected to induce improvements beyond those 
achieved under normoxic conditions by increasing the cellu-
lar homeostasis disturbance and thus inducing larger muscle 
adaptive responses. While the effect of hypoxic training on 
maximal exercise performance in healthy sedentary sub-
jects and in athletes is somehow controversial (Lundby and 
Robach 2016), performing exercise training under hypoxic 
conditions has been recently proposed as a new strategy to 
improve health status in various clinical populations (Mil-
let et al. 2016), including older individuals with various 
comorbidities (Pramsohler et al. 2017), obese individuals 
(Gonzalez-Muniesa et al. 2015; Netzer et al. 2008; Wiesner 
et al. 2010) and patients with type II diabetes (Schreuder 
et al. 2014).

Because of the well-known reduction in maximal aerobic 
capacity in hypoxic condition (Fulco et al. 1998), hypoxic 
exercise training sessions have to be performed at a lower 
absolute workload than normoxic exercise training sessions 
to avoid greater relative intensity which may affect feasibility 
and adherence (especially in clinical populations) and may 
promote overtraining (especially in athletes) (Hobbins et al. 
2017; Hoppeler et al. 2008). This is a potential limitation 
of hypoxic exercise training, since lower absolute workload 
means lower muscle homeostatic stress (e.g., smaller reduc-
tion in muscle oxygen tension), and therefore, potentially 
reduced exercise training muscle responses. Hence, regard-
ing muscle tissue hypoxic stress, it is unknown whether the 
lower absolute workload will be compensated by the reduced 
muscle oxygen delivery during hypoxic exercise and finally 
results in greater muscle tissue hypoxia as expected.

Near-infrared spectroscopy (NIRS) is a useful tool in 
exercise physiology providing non-invasive and continu-
ous evaluation of tissue oxygenation both at rest and during 
exercise (Ferrari et al. 2011). While the measurement of 

arterial oxygen saturation (SpO2) indicates the severity of 
hypoxemia during hypoxic exposure, NIRS measurement 
provides indexes of muscle oxygenation influenced by local 
blood flow, muscle oxygen extraction and utilization. Previ-
ous studies using NIRS compared muscle oxygenation dur-
ing exercise in normoxia and in hypoxia. When compared at 
identical absolute power output, muscle oxygenation during 
exercise was reported to be reduced in hypoxia compared to 
normoxia in some (Amann et al. 2007; Masschelein et al. 
2014; Subudhi et al. 2007; Willis et al. 2017) but not all 
(DeLorey et al. 2004; Puthon et al. 2017; Smith and Billaut 
2010) studies. These contrasting results may be explained by 
the NIRS parameters being considered (changes in oxy- and 
deoxy-hemoglobin concentrations or changes in tissue oxy-
genation index) and by the type of exercise (e.g., constant-
load exercise versus intermittent exercise). Whether muscle 
oxygenation during exercise at identical relative intensity 
is reduced in hypoxia compared to normoxia remains to be 
elucidated. Moreover, to implement hypoxic exercise train-
ing regimen in older individuals or patients, it remains to 
clarify whether hypoxic exercise training at the same relative 
intensity leads to similar ventilatory responses and similar 
rate of perceived exertion. This is an important issue, since 
ventilatory stress and sensations associated with physical 
effort represent critical factors for tolerance and adherence 
to hypoxic exercise training, especially in patients (Hobbins 
et al. 2017).

Therefore, the purpose of this study was to assess the 
acute responses to submaximal constant-load and high-
intensity interval cycling exercise performed in normoxia 
and in hypoxia at similar relative intensity (i.e., at simi-
lar heart rate), simulating whole-body endurance exercise 
training sessions as performed in sedentary and clinical 
populations. We hypothesized that despite lower absolute 
workload, hypoxic constant-load and high-intensity interval 
cycling exercises would induce lower muscle tissue oxygen-
ation (assessed by NIRS) compared to normoxic exercise. 
We also hypothesized that hypoxic and normoxic constant-
load and high-intensity interval cycling exercises at similar 
relative intensity would be associated with similar ventila-
tory response and rate of perceived exertion.

Subjects and methods

Subjects

Twenty-one (12 females) active, healthy volunteers (age 
29 ± 8 years, body mass 64 ± 10 kg, height 171 ± 7 cm) were 
included in the present study after routine medical visit con-
sisting of a short clinical examination, 12-lead ECG and 
respiratory function test. Twelve subjects (6 females) took 
part in part 1 of the study (constant-load exercise, CL) and 
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12 (6 females) subjects took part in part 2 of the study (high-
intensity interval exercise, HII), 3 subjects participated in 
both parts of the study. Part 1 and part 2 of the study were 
conducted more than 6 month apart. All subjects were non-
smokers and had no history of cardiorespiratory or neuro-
muscular disease. Subjects refrained from physical exercise 
the days prior to the tests, abstained from drinking caffein-
ated beverages on test days, and had their last meal at least 
2 h prior to the tests. The study was approved by the local 
ethics committee (CPP Sud-Est V) and performed according 
to the Declaration of Helsinki. Subjects were fully informed 
of the procedure and risks involved and gave their written 
consent prior to all assessments.

Experimental design

Subjects first performed a standard maximal incremental 
cycling test in normoxic condition to determine maximal 
power output and maximal heart rate. Each part of the study 
followed a prospective, randomized, cross-over, controlled, 
single-blind design and consisted of two experimental ses-
sions. In each part of the study, participants performed the 
hypoxic and the normoxic exercise sessions in a randomized 
order (using block randomization), with a minimum period 
of 48 h between both sessions. Cardiorespiratory and NIRS 
measures were continuously recorded during each exercise 
session (described below). The study has been performed in 
Grenoble, France, at an altitude of 210 m.

Subjects were blinded for the composition of the gas mix-
ture they were inhaling during all experimental sessions. The 
hypoxic stimulus was obtained by having subjects breathe 
a nitrogen-enriched gas mixture provided by a gas-mixing 
device (Altitrainer®, SMTEC S.A., Nyon, Switzerland). 
During hypoxic CL exercise, FiO2 was individually adjusted 
to reach the targeted arterial oxygen saturation (SpO2) of 
75% (± 2%). Standardizing the SpO2 between subjects 
allows minimizing the heterogeneous reduction in SpO2 
obtained for a given reduction in inspiratory oxygen pres-
sure. However, because during HII exercise the rapid and 
cyclical changes in power output do not allow to target a 
given SpO2, a FiO2 of 0.135 was used based on preliminary 
experiments showing that HII exercise in this condition led 
to a SpO2 close to 75%. The Altitrainer® (SMTEC S.A.) 
provided a gas mixture with a FiO2 of 0.21 in the normoxic 
condition.

All experimental exercise sessions were performed on 
an electrically braked cycle ergometer (Kettler E3, Ense-
parsit, Germany) and started with an initial resting phase 
of 5 min while breathing ambient air for baseline data col-
lection. Then, the subjects breathed the gas mixture of the 
experimental condition (normoxic or hypoxic) for 5 min at 
rest before starting the exercise. The CL exercise sessions 
lasted 30 min and the workload was continuously adjusted to 

obtain a heart rate of 75% (± 2%) of maximal heart rate, i.e., 
an intensity corresponding to standard recommendations for 
exercise training (ACSM 1998). The HII exercise sessions 
started with 5 min of warm-up at 40% (normoxic condition) 
or 30% (hypoxic condition) of maximal normoxic power out-
put and then 15 1-min bouts of high-intensity exercise were 
performed with 1 min of passive recovery in between. In 
normoxia, HII bouts were performed at maximal normoxic 
power output. In hypoxia, HII bouts were performed at 85% 
of maximal normoxic power output, since maximal power 
output with a FiO2 of 0.135 has been previously shown to 
be reduced by about 15% (Fulco et al. 1998).

Cardiorespiratory and rate of perceived exertion 
measurements

Ventilation was monitored continuously breath-by-breath 
using a pneumotachograph connected to the gas-mixing 
device (Altitrainer®, SMTEC S.A.). SpO2 and heart rate 
were continuously recorded using a portable pulse oxime-
try (Nonin® 3150 WristOx2, MN, USA) and a heart rate 
monitor (Polar Electro Oy, Kempele, Finland), respectively. 
The rate of perceived exertion (RPE) was assessed with a 
standard 100-mm visual analog scale every 5 min during 
CL exercise and at the end of warm-up and of each 1-min 
exercise bout during HII exercise.

NIRS measurements

Oxy[HbO2]-, deoxy[HHb]- and total[HbTot]-hemoglobin 
concentration changes and tissue oxygenation index (TSI) 
were estimated throughout testing sessions over multiple 
sites using a two-wavelength (780 and 850 nm) multichan-
nel, continuous wave NIRS system (Oxymon MkIII, Artinis 
Medical Systems, the Netherlands). Muscle hemodynamic 
was assessed on the lower third of the vastus lateralis muscle 
of the left quadriceps using a 4-cm inter-optode distance. 
The position of the probe was marked on the skin to use 
identical site of recording on the next session. Left prefrontal 
cortex hemodynamic was assessed between Fp1 and F3 loca-
tions according to the international 10–20 EEG system with 
3.5-cm inter-optode distance. In addition to muscle NIRS 
signals, prefrontal cortex NIRS signals were also recorded as 
the cerebral hypoxic stress during hypoxic exercise session is 
an important parameter to consider in the context of hypoxic 
training for heathy subjects and patients (Gonzalez-Muniesa 
et al. 2015; Pramsohler et al. 2017; Schreuder et al. 2014). 
The probe holders were secured to the skin with double-
sided tape and maintained with Velcro bands. Data were 
recorded continuously at 10 Hz and filtered with a 2-s width 
moving Gaussian smoothing algorithm before analysis.
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Statistical analysis

Minute ventilation, heart rate, SpO2 and NIRS parameters 
were averaged over the last 30 s of the 5-min resting period 
while breathing the gas mixture, of each 5-min periods 
during CL exercise and of the 1st, 3rd, 6th, 9th, 12th and 
15th 1-min exercise bout and 1-min passive rest during 
HII exercise. All statistical procedures were completed on 
Statistica version 10 (Statsoft, Tulsa, OK). Normality of 
distribution and homogeneity of variances of the main var-
iables were confirmed using a Shapiro–Wilk normality test 
and the Levene’s test, respectively. A two-way ANOVA 
(time × condition) with repeated measures was performed 
for each dependent variable. Post-hoc Tukey’s tests were 
applied to determine a difference between two mean values 
if the ANOVA revealed a significant main effect or interac-
tion effect. For all statistical analyses, a two-tailed alpha 
level of 0.05 was used as the cut-off for significance. All 
data are presented as mean values ± SD.

Results

No adverse effect was observed during both normoxic and 
hypoxic conditions of either CL or HII sessions. Individual 
questioning of the subjects after each session on whether 
they thought to have carried out exercise in normoxia or 
hypoxia revealed that in only 60% of the exercise sessions 
the subjects indicated the right condition.

Inspiratory oxygen fraction, arterial oxygenation 
and exercise power output

Mean SpO2 was 76 ± 1% during CL exercise and 77 ± 5% 
during HII exercise bouts (Fig.  1). Mean FiO2 was 
0.13 ± 0.02 during CL exercise and 0.135 during HII accord-
ing to protocol design (Fig. 1). Mean power output during 
CL exercise was 125 ± 61 W in normoxia and 99 ± 49 W in 
hypoxia (p < 0.001), i.e., 21 ± 11% lower in hypoxia. Fig-
ure 2 shows individual power outputs during CL exercise 
in normoxia and in hypoxia. Mean power output during HII 

Fig. 1   Inspiratory oxygen frac-
tion (FiO2, a, c) and arterial 
oxygen saturation (SpO2, b, d) 
during constant-load and high-
intensity intermittent cycling 
exercise sessions performed 
in normoxia and in hypoxia. 
*Significantly different from 
resting baseline in normoxia 
and hypoxia; #significantly 
different from resting baseline 
in hypoxia only; $significantly 
different between normoxia and 
hypoxia
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exercise was 261 ± 72 W in normoxia and 222 ± 61 W in 
hypoxia (p < 0.001), i.e., 15 ± 1% lower in hypoxia.

Cardiorespiratory responses and RPE

Minute ventilation and heart rate did not differ significantly 
between CL normoxic and hypoxic exercise (p > 0.05; 
Fig. 3). Minute ventilation was significantly higher through-
out the HII hypoxic exercise session compared to the nor-
moxic exercise session (ANOVA main condition effect, 
p < 0.05), while heart rate was higher during the 1-min pas-
sive recovery periods only of the HII hypoxic exercise ses-
sion compared to the normoxic exercise session (p < 0.05; 
Fig. 3).

RPE did not differ between normoxic and hypoxic condi-
tions both during CL and HII exercise sessions (p > 0.05; 
Fig. 4).

Tissue oxygenation

Muscle NIRS parameters during CL and HII exercise in nor-
moxia and hypoxia are provided in Figs. 5 and 6. Muscle TSI 

Fig. 2   Individual power output during constant-load exercise in nor-
moxia and in hypoxia

Fig. 3   Minute ventilation (VE, 
a, c) and heart rate (HR, b, d) 
during constant-load and high-
intensity intermittent cycling 
exercise sessions performed 
in normoxia and in hypoxia. 
*Significantly different from 
resting baseline in normoxia 
and hypoxia; #significantly 
different from resting baseline 
in hypoxia only; $significantly 
different between normoxia and 
hypoxia
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did not differ significantly between normoxia and hypoxia 
both during CL and HII exercise sessions (p > 0.05). Mus-
cle [HbO2] and [HHb] were significantly lower and higher, 
respectively, in hypoxia compared to normoxia both during 
CL and HII exercise (all p < 0.05). Muscle [HbTot] did not 
differ significantly between normoxia and hypoxia both dur-
ing CL and HII exercise sessions (p > 0.05).

Prefrontal cortex NIRS parameters during CL and HII 
exercise in normoxia and hypoxia are provided in Figs. 7 and 

8. Prefrontal cortex TSI was significantly lower in hypoxia 
compared to normoxia throughout CL exercise and at the 
beginning of HII exercise sessions (p < 0.05). Prefrontal cor-
tex [HbO2] and [HHb] were significantly lower and higher, 
respectively, in hypoxia compared to normoxia both during 
CL and HII exercise (all p < 0.05). Prefrontal cortex [HbTot] 
was lower in hypoxia compared to normoxia both during CL 
and HII exercise sessions (ANOVA condition × time interac-
tion p < 0.05).

Fig. 4   Rate of perceived exer-
tion (RPE) during constant-load 
(a) and high-intensity inter-
mittent (b) cycling exercise 
sessions performed in normoxia 
and in hypoxia. *Significantly 
different from resting baseline 
in normoxia and hypoxia; 
#significantly different from 
resting baseline in hypoxia only; 
$significantly different between 
normoxia and hypoxia

Fig. 5   Muscle NIRS parameters 
during constant-load cycling 
exercise sessions performed 
in normoxia and in hypoxia. a 
Tissue saturation index (TSI); b 
oxyhemoglobin concentration 
([HbO2]); c deoxyhemoglobin 
concentration ([HHb]); d 
total hemoglobin concentra-
tion ([HbTot]). *Significantly 
different from resting baseline 
in normoxia and hypoxia; 
#significantly different from 
resting baseline in hypoxia only; 
$significantly different between 
normoxia and hypoxia
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Fig. 6   Muscle NIRS parameters 
during high-intensity inter-
val cycling exercise sessions 
performed in normoxia and in 
hypoxia. a Tissue saturation 
index (TSI); b oxyhemoglobin 
concentration ([HbO2]); c 
deoxyhemoglobin concentration 
([HHb]); d total hemoglobin 
concentration ([HbTot]). *Sig-
nificantly different from resting 
baseline in normoxia and 
hypoxia; #significantly different 
from resting baseline in hypoxia 
only; $significantly different 
between normoxia and hypoxia

Fig. 7   Prefrontal cortex NIRS 
parameters during constant-
load cycling exercise sessions 
performed in normoxia and in 
hypoxia. a Tissue saturation 
index (TSI); b oxyhemoglobin 
concentration ([HbO2]); c 
deoxyhemoglobin concentration 
([HHb]); d total hemoglobin 
concentration ([HbTot]). *Sig-
nificantly different from resting 
baseline in normoxia and 
hypoxia; #significantly different 
from resting baseline in hypoxia 
only; $significantly different 
between normoxia and hypoxia
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Discussion

The present study aimed to assess the acute cardiorespira-
tory and tissue oxygenation responses to two types of exer-
cise training sessions (CL and HII) performed in hypoxia 
compared to similar sessions performed at the same relative 
intensity (i.e., similar heart rate) in normoxia. The results 
indicate that muscle tissue oxygenation as assessed by the 
TSI NIRS parameter did not differ between normoxia and 
hypoxia during both CL and HII exercise. These similar 
muscle TSI values were associated with reduced [HbO2] 
and larger [HHb] increases together with similar [HbTot] 
in hypoxia compared to normoxia during both CL and HII 
exercise sessions. In contrast to muscle TSI, prefrontal cor-
tex TSI was significantly reduced in hypoxia compared to 
normoxia during both CL and HII exercise. In addition, min-
ute ventilation was significantly higher in hypoxia compared 
to normoxia during HII exercise only, while RPE did not 
differ between hypoxia and normoxia both during CL and 
HII exercise sessions.

Exercise power output

Comparing normoxic and hypoxic whole-body exercise 
at the same absolute intensity (and, therefore, at different 
relative intensities due to the hypoxia-induced reduction in 

maximal power output) would lead to compare conditions 
with different cardiorespiratory constraints (higher ventila-
tion and cardiac output in hypoxia) and rate of perceived 
exertion (greater rate of perceived exertion in hypoxia) 
(Mazzeo 2008). The practical consequence of this higher 
relative intensity in hypoxia when planning to perform 
hypoxic exercise training program is also that exercise 
is more difficult to tolerate and, therefore, cannot be per-
formed for the same duration and induces more discomfort 
and potentially less adherence for patients. Therefore, we 
compared constant-load and high-intensity interval exercise 
at the same target heart rate in normoxic and hypoxic con-
ditions. During constant-load exercise, this could be per-
formed by individually adjusting the power output during 
hypoxic exercise sessions to obtain the same target heart 
rate than in normoxia, i.e., 75% of maximal heart rate corre-
sponding to standard recommendations for exercise training 
(ACSM 1998). It should be acknowledged, however, that 
we assumed similar maximal heart rate in normoxic and 
hypoxic conditions although studies previously reported 
slightly reduced maximal heart rate in acute hypoxic condi-
tions. Using the recent review and equation proposed by 
Mourot (2018), we calculated the theoretical maximal heart 
rate of the subjects in hypoxia and based on this maximal 
value, we determined the new relative intensity during CL 
exercise in hypoxia: according to this calculation, subjects 

Fig. 8   Prefrontal cortex NIRS 
parameters during high-inten-
sity interval cycling exercise 
sessions performed in normoxia 
and in hypoxia. a Tissue satura-
tion index (TSI); b oxyhemo-
globin concentration ([HbO2]); 
c deoxyhemoglobin concentra-
tion ([HHb]); d total hemo-
globin concentration ([HbTot]). 
*Significantly different from 
resting baseline in normoxia 
and hypoxia; #significantly 
different from resting baseline 
in hypoxia only; $significantly 
different between normoxia and 
hypoxia
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exercised at 78 ± 1% in hypoxia, i.e., at a slightly higher 
relative intensity compared to normoxia. Moreover, Fig. 2 
shows the significant interindividual heterogeneity regarding 
the difference in exercise power output between normoxic 
and hypoxic conditions when a similar heart rate was tar-
geted. Although this is probably reflecting interindividual 
differences in cardiorespiratory responses to hypoxia, we 
could not find any individual parameters (e.g., cardiorespi-
ratory responses to exercise and hypoxia) associated with 
the amplitude of power output difference between normoxia 
and hypoxia. Further studies are required to elucidate the 
individual characteristics that may influence physiological 
responses to hypoxic exercise and training.

During high-intensity exercise, the short duration of the 
1-min high-intensity exercise bout did not allow adjusting 
the power output during the session, and, therefore, based 
on the expected reduction in maximal power output with 
the level of hypoxia used in the present study and based 
on preliminary experimentations, we reduced the normoxic 
maximal power output by 15% during hypoxic HII session 
based on Fulco et al. (1998). Based on these adjustments of 
power output in hypoxia, we were able to compare both CL 
and HII exercise at identical heart rate in normoxia and in 
hypoxia (Fig. 3). Interestingly, the only difference in heart 
rate observed between normoxia and hypoxia was observed 
during passive recovery phases of HII exercise, with signifi-
cantly higher heart rate values in hypoxia compared to nor-
moxia. This suggests a lower rate of recovery in hypoxia as 
suggested by others having investigated the effect of hypoxia 
on repeated sprints ability (Billaut and Buchheit 2013). It 
should be acknowledged that other authors (Wehrlin and 
Hallen 2006) calculated a theoretical reduction in maximal 
aerobic capacity with a FiO2 of 0.135 of about 20%, i.e., 
larger than the reduction in maximal power output assumed 
in the present study. Hence, as for CL exercise, subjects may 
have exercised at a larger relative intensity during HII in 
hypoxia compared to normoxia. As explained below, we 
believe this possible larger relative intensity in hypoxia does 
not challenge the main results of the present study regarding 
muscle oxygenation.

Tissue oxygenation during hypoxic exercise

While SpO2 reflects the arterial oxygenation status, 
NIRS parameters reflect the dynamic balance between 
O2 demand and supply in the tissue microcirculation. 
[HbO2] and [HbTot] are mostly sensitive to blood flow 
and O2 delivery, whereas [HHb] is closely associated with 
changes in venous O2 content and, therefore, tissue oxygen 
extraction (Ferrari et al. 2004; Rolfe 2000). The TSI is 
calculated by the NIRS system based on [HbO2], [HHb] 
and [HbTot] and provides an index of tissue oxygenation. 
During both CL and HII exercise in hypoxia, the reduced 

muscle [HbO2] with similar [HbTot] mainly reflect the 
reduction in oxygen delivery due to reduced arterial blood 
oxygenation, while the unchanged [HbTot] may suggest 
that local blood flow was similar between normoxia and 
hypoxia (Van Beekvelt et al. 2001). The larger muscle 
[HHb] during CL exercise in hypoxia compared to nor-
moxia suggests a greater muscle oxygen extraction. Hence, 
the reduced oxygen delivery during hypoxic exercise 
appears to be compensated by a greater extraction, lead-
ing to similar TSI values during both CL and HII exercise 
in normoxia and hypoxia. If TSI is considered as the most 
meaningful parameter regarding muscle oxygen tension 
within the muscle, the present results suggest that both 
CL and HII exercise in hypoxia performed at the same 
relative intensity (i.e., heart rate) lead to similar reduction 
in muscle oxygenation than normoxic exercise condition. 
This similar muscle oxygenation status may be due to an 
opposite effect of reduced muscle oxygen delivery (due to 
the reduced FiO2) and reduced muscle oxygen consump-
tion (due to reduced power output) in hypoxia compared 
to normoxia. Interestingly, as explained above, based on 
our assumptions to determine identical relative exercise 
intensity in normoxia and hypoxia, we may have slightly 
underestimated the relative intensity during hypoxic exer-
cise. Despite this possible slightly higher relative intensity 
during CL and HII exercise in hypoxia than in normoxia, 
muscle deoxygenation was not accentuated during both 
exercises performed in hypoxia versus normoxia. Hence, 
these results suggest that hypoxic exercise training may 
not induce greater muscle hypoxic stress responsible for 
larger muscle adaptations as compared to normoxic exer-
cise training, at least in healthy subjects when using the 
same relative intensity (characterized by similar heart rate) 
and a target SpO2 level closed to 75%.

In contrast to the muscle, prefrontal cortex [HbTot] was 
significantly reduced during hypoxic CL and HII exercise 
compared to normoxia, suggesting that prefrontal cortex 
blood volume and potentially blood flow may be reduced 
during hypoxic exercise. Hyperventilation and subsequent 
hypocapnia (since minute ventilation was similar or higher 
during hypoxic exercise despite reduced power output and, 
therefore, lower CO2 production) may have been responsi-
ble for cerebral vasoconstriction and subsequently reduced 
cerebral blood flow and oxygen delivery. Whether such a 
cerebral hypoxic stress should be considered as potentially 
deleterious [e.g., a > 13% reduction in prefrontal cortex 
oxygenation during neurosurgical intervention has been 
considered as possibly harmful (Al-Rawi and Kirkpatrick 
2006)] or as a stress able to induce positive cerebral adap-
tations [e.g., at the cerebrovascular and neuronal levels 
(Manukhina et al. 2016)] has to be considered in future 
studies.
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Cardiorespiratory responses and sensations 
during hypoxic exercise

According to the protocol design and as discussed previ-
ously, heart rate did not differ significantly during exercise 
in normoxia and hypoxia (Fig. 3). Minute ventilation was 
similar during normoxic and hypoxic CL exercise, while it 
was significantly higher during hypoxic compared to nor-
moxic HII exercise (Fig. 3). At least two potential reasons 
can be suggested to explain this difference between CL 
and HII exercise regarding the effect of hypoxic exposure 
on minute ventilation. Firstly, the power output in hypoxia 
was reduced by 15% compared to normoxia during HII 
exercise, while it was reduced by 21% during hypoxic CL 
exercise. This higher power output relative to normoxia 
may have been responsible for the larger minute venti-
lation only during HII exercise in hypoxia compared to 
normoxia and larger reduction in power output during HII 
in hypoxia may be recommended to provide similar rela-
tive intensity compared to normoxia (Wehrlin and Hal-
len 2006) as discussed above. Secondly, HII exercise was 
performed by definition above the respiratory compensa-
tion point, where hypoxia chemosensitivity and acidosis 
may be important factors influencing ventilation (Takano 
2000). Hence the higher intensity during HII compared 
to CL exercise may accentuate the effect of hypoxia on 
minute ventilation.

Interestingly, despite the significantly higher minute ven-
tilation during hypoxic compared to normoxic HII exercise, 
RPE did not differ significantly between hypoxic and nor-
moxic conditions for both CL and HII sessions. This result 
indicates that by reducing the power output and by target-
ing the hypoxic levels as performed in the present study, 
the subjects reported similar sense of effort during hypoxic 
and normoxic exercise, which is of interest regarding toler-
ance and adherence to exercise training programs that may 
implement hypoxic conditions for both healthy subjects 
and patients. In clinical populations with frequent joint pain 
such as in obese patients for instance, reducing the absolute 
work load during hypoxic training compared to normoxic 
training while inducing similar cardiorespiratory responses 
is potentially of significant interest to reduce discomfort 
and improve adherence to exercise training intervention as 
previously emphasized (Girard et al. 2017). The fact that 
only 60% of the subjects were able to identify whether they 
carried out exercise in normoxia or hypoxia further empha-
sizes that sensations during exercise at identical relative 
intensity in normoxia and hypoxia were very similar. These 
results regarding respiratory responses and sensations dur-
ing hypoxic versus normoxic exercise remain, however, to 
be confirmed in different populations than the present one, 
e.g., older individuals and patients with cardiorespiratory or 
metabolic diseases.

Study limitations

An important limitation to acknowledge relates to the use 
of NIRS parameters to investigate tissue oxygenation. NIRS 
signals are known to be influenced by blood flow in super-
ficial layers (Sorensen et al. 2015). By standardizing the 
placement of the probes as well as room air temperature 
in normoxic and hypoxic sessions, we believe that superfi-
cial skin layers influenced to a similar extent normoxic and 
hypoxic NIRS recordings and, therefore, that differences 
in tissue oxygenation and hemodynamic between condi-
tions were due to the reduced FiO2 per se. NIRS parameters 
assessed, however, oxygenation at the microcapillary blood 
level and one cannot directly infer the intra-muscular (e.g., 
mitochondrial) oxygen tension which is the most relevant 
regarding gene expression and protein synthesis in response 
to muscle exercise (Hawley et al. 2018). More invasive eval-
uations or methods not easily compatible with whole-body 
exercise [e.g., nuclear resonance magnetic spectroscopy 
(Richardson et al. 1995)] would be required to approach the 
intra-muscular oxygen tension during hypoxic whole-body 
exercise in humans. In the present study females were tested 
without controlling for menstrual cycles. Although men-
strual cycle does not affect exercise ventilatory and SpO2 
responses to hypoxia (Macnutt et al. 2012), the effect of 
menstrual cycles on muscle hypoxic responses remains to 
be elucidated.

While the present study focused on acute responses to 
hypoxic exercise to provide important knowledge to consider 
hypoxic exercise training in healthy subjects and in patients, 
the results do not provide insight into the adaptations to 
chronic hypoxic exercise. In particular, whether after repeti-
tive hypoxic exercise sessions muscle oxygenation would 
remain similar to the first session of hypoxic exercise and to 
normoxic exercise condition as in the present study remains 
to be evaluated. We have shown for instance that after three 
sessions of passive hypoxic exposure, the muscle deoxy-
genation in response to reduced SpO2 was larger compared 
to the first hypoxic session (Chacaroun et al. 2017).

Conclusions

These results indicate that while muscle oxygen deliv-
ery is reduced ([HbO2]) during hypoxic versus normoxic 
exercise, oxygen extraction ([HHb]) is simultaneously 
enhanced and blood volume ([HbTot]) is unchanged, 
leading to similar muscle TSI in normoxia and hypoxia 
during both CL and HII. This suggests that under the con-
dition of the present study (identical heart rate during nor-
moxic and hypoxic exercise and SpO2 close to 75% during 
hypoxic exercise), muscle oxygenation tension may not 
be reduced to a greater extent during hypoxic compared 
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to normoxic exercise. Therefore, larger improvement in 
muscle function should not be expected following hypoxic 
exercise training because of greater muscle oxygen stress. 
Hypoxic CL and HII exercise despite being performed at 
lower power output induced similar rate of perceived exer-
tion and heart rate which may contribute to the feasibil-
ity and adherence to hypoxic exercise training in various 
populations.
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